Background: While open wedge high tibial osteotomy (owHTO) is an established standard procedure to treat medial osteoarthritis of the knee in combination with varus deformity, it bears the risk of postoperative hardware failures and lateral cortical hinge fractures. This in turn can lead to an accelerated osteoarthritis, non-union, or a loss of correction accuracy. The purpose of the study was to evaluate the radiologic outcomes of owHTO with a carbon fiber reinforced poly-ether-ether-ketone (CF-PEEK) plate fixation in patients with medial osteoarthritis and varus deformity. Methods: Three hundred twenty-four consecutive patients (346 knees) who were treated with owHTO using the PEEKPower HTO plate were included in this retrospective study; 89.9% of the patients were overweight or obese. Patients were followed by conventional radiographs over a 12-month period. Typical plate-related results such as the time and quality of gap healing as well as the correction accuracy were analyzed. Furthermore, the number of lateral cortex fractures was determined. Results: Bony consolidation was observed after a mean gap healing time of 4.0 ± 1.7 months independent on the patients' weight (p = 0.2302). With increasing gap sizes, bony healing was significantly prolonged (p < 0.001). Additionally, patients with greater gap sizes had a significantly increased risk for a lateral cortex fracture (p = 0.0041). However, none of the patients had a non-union 1 year postoperative. A hinge fracture occurred in 30% of patients. Hinge fractures with Takeuchi grades I and II increased the gap healing time compared to no fracture (p = 0.0069 and p = 0.0002, respectively), but only 1.2% of patients with hinge fracture had a clinical relevant loss of correction ≥ 3 mm. No implant failures were found. Conclusions: Open wedge HTO using the PEEKPower HTO plate for patients with medial osteoarthritis of the knee in combination with tibial varus deformity leads to excellent bony consolidation also in cases with a hinge fracture, a gap size > 12 mm as well as for severely obese patients.
Background
Open wedge high tibial osteotomy (owHTO) is an established surgical procedure to treat patients with medial osteoarthritis of the knee in combination with varus deformity [1] [2] [3] . By reducing the effective load through the medial compartment and eduction or reversion of the adductor moment, the procedure aims to decelerate the degeneration progress, to relieve pain, and to correct the lower extremity alignment. While owHTO is a standard procedure, it bears the risk of postoperative hardware failures and lateral cortical hinge fractures [4] [5] [6] . Different clinical studies reported lateral hinge fractures in 18-39% of patients [7] [8] [9] [10] , which in turn can lead to an accelerated osteoarthritis, non-union, or a loss of correction accuracy [6, 11, 12] . Requirements for fixation systems in owHTO are high. They have to withstand the high forces of early full weight-bearing programs and minimize the risk of delayed and non-union in case of a lateral cortex fracture. At the same time, they have to allow for sufficient interfragmentary movement (IFM) to achieve a faster gap healing time [11, 13, 14] . In the past, several angle-stable locking plates, such as the Position HTO plate (Aesculap, Tuttlingen, Germany), the Puddu Plate (Arthrex Inc., Naples, FL, USA), or the TomoFix Plate (Synthes Medical, Oberdorf, Switzerland), have been developed aiming for an increased loading capacity and residual stability after failure of the lateral cortex [13] . Clinical results for patients treated with these implants have demonstrated a high stability and lower rates for loss of correction [5, 15, 16] . However, other studies have shown that a high stiffness of a locking plate may suppress callus formation and fracture healing [17, 18] . The authors suggested increasing the IFM of the implants in order to avoid incomplete bone healing.
Addressing the disadvantages of present implants for owHTO the PEEKPower HTO plate (Arthrex Inc., Naples, FL, USA) was introduced. The plate consists of carbon poly-ether-ether-ketone reinforced fibers. A biomechanical study, comparing the Tomofix plate composed of titanium to the PEEKPower HTO plate, showed that the PEEKPower HTO plate resists higher dynamic loadings and had a higher static flexural rigidity [19] . However, when followedup in a clinical setting the 1st generation PEEKPower HTO plate resulted in a higher rate of implant-related complications than the TomoFix plate after 24 months [20] . This finding led to the development of the 2nd generation PEEK Power HTO plate. An initial prospective study provided promising outcomes of the 2nd generation PEEKPower HTO plate, showing comparable complication rates to commonly used fixation systems [21] . The study is, however, limited by the low number of patients (n = 28) and a maximum osteotomy gap size of 12 mm. Also, reliable midto long-term clinical outcomes of the 2nd generation PEEK Power HTO plate are missing.
The aim of this study was to evaluate the radiologic outcomes and safety of the 2nd generation PEEKPower HTO plate for valgus owHTO. Retrospectively, we analyzed the number of lateral cortex fractures, the quality and time of gap healing, the correction accuracy, and implant-related complications of 324 patients (346 knees) with a follow-up of 1 year after owHTO with the PEEKPower HTO plate.
Methods
The ethics committee of the University of Lübeck approved this retrospective study. The postoperative rehabilitation program and the radiographic evaluation after owHTO were standard of care procedures for all patients. After implant removal, the medical treatment ended. For the analysis of the outcomes, all personal patient data were anonymized.
Patients
Since 2010, the 2nd generation PEEKPower HTO plate (Arthrex Inc., Naples, FL, USA) is the standard plate for open wedge valgus HTO at our institution. No other plates are being used for this procedure.
Between 2010 and 2015, three surgeons performed 346 owHTOs in 324 consecutive patients. The vast majority of surgeries (79%) was done by the senior author (FP).
Two hundred twenty-nine of the patients (69.4%) were males. The average age was 55 ± 8.9 years (range 30-76 years) and the mean weight 95 ± 16.5 kg (range 61-169 kg). Prior to owHTO, all patients underwent arthroscopic surgery. Cartilage lesions were classified according to the ICRS Hyaline Cartilage Lesion Classification System of the International Cartilage Repair Society (ICRS) ( Fig. 1 ) from grades 0 to 4.
The inclusion criterion was symptomatic varus malalignment with a cartilage defect in the medial compartment of the knee. Exclusion criteria were pain in the lateral compartment with a cartilage defect > 1 according to the ICRS classification, the absence of the lateral meniscus, and high-grade medial and lateral ligamentous instability. None of the patients had additional ligamentous instability.
All cartilage lesions grades 3 and 4 seen in the medial and patellofemoral compartment were additionally treated with a bone marrow stimulation technique using microfracture or abrasion arthroplasty. Debridement was performed for cartilage lesion grade 2 to reduce mechanical stress.
Surgical procedure
After arthroscopic knee surgery, owHTO using the 2nd generation PEEKPower HTO plate was performed as published [16, [22] [23] [24] . In 274 cases, the surgeon performed a uniplanar osteotomy and a biplanar osteotomy in 72 cases. The weight-bearing line was placed at the Fujisawa point (62% of the transverse diameter of the tibial joint line) and 1.5°valgus (recommendation of Noyes) according to the preoperative planning. An image converter was used during surgery to measure the Mikulicz line with the help of a taut cable. The gap was filled with ß-tricalcium phosphate (Osferion, Arthrex Inc., Naples, FL, USA) in 306 patients (85.5%). Time of plate removal was determined dependent on bony healing, swelling, return to sports, and activity of daily living. Twelve months after the osteotomy, the implant was removed in 97% of the patients.
Rehabilitation
During the postoperative rehabilitation program, patients were treated with a straight immobilizer for 6 weeks. From day 1 to week 4 after surgery, passive-free motion during physiotherapy was allowed adapted to pain with a limited flexion of 90°. Weight-bearing of 20 kg was allowed from weeks 1 to 3. Afterwards, weightbearing was increased to 40 kg, up to full weight-bearing after 6 weeks.
Radiographic evaluation
For the preoperative planning of the osteotomy, the computer software CARESTREAM Vue PACS (Carestream Health Inc., NY, USA) was used. Standing longleg as well as lateral and fixed-flexed posterior-anterior (PA) (Rosenberg view) radiography was performed. The osteotomy gap size was identified using the Miniaci preoperative planning technique during surgery [25] .
Bone healing
Postoperative posterior-anterior and lateral radiographs were obtained at 1, 2, 3, and 12 months after owHTO to observe bone healing (standard of care). In case of noncompleted bone healing after 3 months, radiography was performed additionally at 4, 5, 6, and 9 months after surgery, respectively. The assessment of radiological data was conducted by three independent observers. According to Apley, Solomon's and Brosset criteria [26, 27] , osseous bone healing was considered as being completed if the patient no longer had pain over the osteotomy gap at the time of full weight-bearing. Furthermore, the bridging callus had to reach 75% of the diameter of the osteotomy gap [26, 27] .
Correction accuracy
For the analysis of loss of correction, a new method was utilized: A first line (A) was drawn through the anatomical axis of the tibia and a second line (B) through the center of the head of the lowest screw ( Fig. 2) . Line A and line B form a rectangle. Loss of correction in the front view was determined by comparing the distance from the lateral joint line edge (point C) and the medial joint line edge (point D), respectively, to line B in the radiographs 1 month and 12 months postoperative.
Statistical analysis
Statistical analysis was performed with JMP, version 14 (SAS Institute Inc., Cary, North Carolina, USA). A Shapiro-Wilk test was done to determine the normal distribution of the samples. The nonparametric Wilcoxon/Kruskal-Wallis test (rank sums) was used to test for differences between more than two groups and the Dunn's test for post hoc analysis. The Pearson's chi-squared test was used to analyze differences between the expected frequencies and the observed frequencies for two categorical variables. Linear regression was used to investigate the correlation of two continuous data sets. P values of less than 0.05 were considered to indicate statistical significance.
Results

Clinical results
This retrospective study was performed using data from patients who underwent owHTO with the 2nd generation PEEKPower HTO plate between 2010 and 2015 and had a minimum follow-up time of 1 year. Three hundred twenty-four patients (346 knees) were included, and 229 men and 95 women with an average age of 55 ± 8.9 years (range 30-76 years). According to WHO classification of the body mass index (BMI), 34 patients (11%) had a normal weight; 150 (46%) patients were overweight and 140 (43%) were obese (Table 1) .
Radiographic results
Gap size and gap healing time
Bony healing was observed in all patients. The mean gap healing time was 4.0 ± 1.7 months. A delayed bony healing longer than 4 months was observed in 86 knees (24.8%) ( Table 2 ). In 23 patients (6.6%), healing of the osteotomy gap according to the criteria of Apley, Solomon's, and Grindley took between 6.5 und 14 months. None of the patients underwent revision surgery because of delayed bony healing.
Since recent studies showed inferior outcome of patients with a BMI above 30 for owHTO [28, 29] , we analyzed whether overweight resulted in delayed bony healing. However, our study data revealed that the point of osseous consolidation was independent from the patient's BMI, as no statistically significant increase in the bony healing time could be detected with increasing patient's BMI (p = 0.2302) (Fig 3) .
Furthermore, we analyzed if the bony healing depended on the gap size. The average gap size of the study patients was 10 ± 2.7 mm (range 5-17). In 58 cases (16%), the osteotomy gap size was ≥ 12.5 mm. A linear regression showed that the gap size had a significant influence on the time for osseous consolidation (p < 0.001). Our data indicate that larger gap sizes result in a prolonged bony healing.
Hinge fracture
A lateral hinge fracture is a typical complication of owHTO. According to Takeuchi it is classified into three grades [8] . In our retrospective study, 105 of 346 knees (30%) had a hinge fracture with the majority being classified Takeuchi grade I ( Table 3) .
We analyzed the effect of BMI, osteotomy gap size, osteotomy technique (uni-/biplanar), the use of the bone graft substitute Osferion®, and the surgeon on the risk to sustain a hinge fracture. A logistic regression showed that with raising osteotomy gap size, the risk for a hinge fracture was significantly increased in the study population (p = 0.0041). At the same time, the BMI (p = 0.0850), osteotomy technique (p = 0.1370), use of Osferion (p = 0.9427) and the surgeon (p = 0.2522) were not found to have an effect on the occurrence of a hinge fracture (Pearson's chi-squared test). Furthermore, a significant influence of the hinge fracture on the gap healing time could be determined (p ≤ 0.001). A post hoc comparison showed that patients with hinge fractures grades I and II needed a significant longer time for bony healing than patients without a hinge fracture (p = 0.0069 and p = 0.0002, respectively) ( Fig. 4) . Interestingly, patients with Takeuchi III fractures had no significantly longer bony healing time in comparison to the other groups (p > 0.05).
Correction accuracy
We determined the correction accuracy as described in the method section (compare Fig. 2 ). For 5 knees, the final radiograph was not available and hence, loss of correction could not be analyzed. In 298 knees (87%), there was no loss of correction 12 months after owHTO. Twenty-five knees (7.3%) had a decreased correction height of 1 mm, 10 knees (2.9%) between 1.5 and 2.0 mm, and 2 knees (0.6%) between 2.5 and 3 mm. Interestingly, in 6 knees (1.8%), the correction height at the lateral cortex was increased (1-4 mm) at 12 months postoperative. According the Takeuchi score, these 6 patients had also lateral hinge fractures. It could be shown that the occurrence of a hinge fracture increased the risk for loss of correction accuracy in the total study population (Pearson's chi-squared test, p = 0.0370). The type of lateral hinge fracture (Takeuchi grades I-III), however, had no significant influence (p = 0.3410). Likewise, the loss of correction height was independent of the osteotomy gap size (p = 0.7247). Overall, 105 knees (30.8%) had a lateral hinge fracture but only 16 of them had a loss of correction height with only 4 (1.2%) of them having a clinically relevant loss of ≥ 3 mm.
Complications
During the entire follow-up, none of the patients had an injury of nerve structures with sensory or motor deficit, a screw breakage, or material failure. During the removal surgery, nearly all patients showed a black tissue discoloration around the plate without signs of inflammation or local infection (Fig. 5 ). Eleven patients (3%) had a wound infection. Four of them were treated with local therapy and antibiotics. Seven further patients (2%) had a deep infection. As a consequence, the implant was removed after 4.5-6 months in these cases. None of the patients with an infection had a loss of correction height.
Discussion
Several plate fixation systems are available to fix the osseous gap at the proximal tibia, which arises during owHTO. Retrospective studies have shown satisfactory results for many of them with survival rates of 78-90% at 10 years and 56-68% at 15 years after HTO [1, 3, [30] [31] [32] . However, frequent complications of owHTO are hardware failures and lateral cortical hinge fractures, which can lead to a delayed union, a non-union, or a loss of correction accuracy [5, 6, 11, 12] .
The main finding of this study was that the PEEK Power HTO plate led to an osseous consolidation in all patients with a mean gap healing time of 4.0 ± 1.7 months independent of the presence of hinge fractures or BMI. Despite a hinge fracture rate of 30%, there was no case of non-union and only 4 patients (1.2%) had a loss of correction accuracy with a clinical relevant loss of ≥ 3 mm.
The mean gap healing time of 4 months demonstrated in this study is slightly faster compared to similar devices, as Brosset et al. observed that bone union occurred at 4.5 months on average after owHTO with the TomoFix plate [26] . Reason for the shorter healing time of the PEEKPower HTO plate might be the higher IFM. In our study, 26.5% patients had a delayed osseous healing, which was defined as absence of bony healing on plain radiographs after 4 months according to Miller [20] . In a prospective study (n = 28) with the 2nd generation PEEK Power HTO plate, they found only one case of nonunion without bone grafting [21] . Noteworthy, in this study, Cotic et al. excluded patients who had a gap size larger than 12 mm because in their opinion additional bone grafting seemed to be necessary using the 2nd generation PEEKPower plate. Several studies suggested that gap filling could protect lateral cortex fracture and loss of correction [33] [34] [35] . In our study, patients had an osteotomy gap size ranging between 5 and 17 mm (average 10 ± 2.7 mm), in 58 cases, the gap size was ≥ 12.5 mm. The use of gap filler (Osferion) in 85% of the patients had no significant influence on the bony healing. However, it could be shown that with increasing gap sizes bony healing was significantly prolonged (p < 0.001). Overall, our results suggest a clear improvement of the 2nd generation PEEKPower HTO plate compared to the 1st generation regarding the outcomes of bony union. Although it must be noted that studies are difficult to compare because the criteria for delayed union and nonunion are not defined uniformly, the 2nd generation PEEKPower plate seems to provide better results when compared to the non-union rate of other owHTO fixation devices. Warden et al. sent questionnaires to all members of the Australian Knee Society asking for the rate of united, delay-united, and non-united owHTOs they performed [11] . Of the reported 182 owHTOs using different fixation plates, 6.6% were classified as delayunited and 1.6% non-united. A large case series after owHTO (n = 245) using an internal fixation plate system was performed by Hernigou [31] . There were two patients with delayed unions for whom weight-bearing was delayed for 3 months, and one patient with non-union, which required removal of acrylic bone cement. For the TomoFix HTO plate Brosset et al. reported a non-union rate of 7% [26] and Meidinger et al. of 5.4% [36] . The latter showed that risk factors with a statistically significant influence on the development of a non-union included smoking, body mass index, and fracture of the lateral cortical hinge. In the present study, the majority (89%) of the patients were overweight or obese, but the BMI of the patient had no influence on the positive outcomes. This indicates that owHTO using the PEEK Power plate leads to a bony consolidation also in severely obese patients.
A typical, well-known complication during owHTO is the fracture of the lateral cortex. It increases stress forces and leads to higher demands on fixation systems. Takeuchi et al. presented in 2012 a new classification system for hinge fractures which was used also in this study [8] . However, Takeuchi determined all fractures during surgery or immediately afterwards. In our study, the hinge fracture was identified using the first radiograph taken 4 weeks postoperatively. Previous studies reported hinge fracture rates between 18% and 39% [7] [8] [9] [10] . We could show a comparable rate (30%) of lateral hinge fractures compared to the studies mentioned before. Most of our patients had a Takeuchi type I fracture (22%). Similarly to the findings of Takeuchi, we found type II in 5.5% and type III in 2% of the patients [8] . Our study data indicated a significantly increased risk for a hinge fracture with raising osteotomy gap size (p = 0.0041). Furthermore, we were able to show that Takeuchi I and II hinge fractures led to increased bony healing times after owHTO with the PEEKPower plate. None of the patients with a hinge fracture exhibited non-union. Mentionable, patients with fracture type III had no significant delayed bone healing time, which may be due to the low number of patients observed with lateral hinge fracture type III. Overall, our results demonstrate that owHTO using the PEEKPower plate leads to satisfactory results even in case of a lateral hinge fracture. Furthermore, we claim that the risk of a lateral hinge fracture is not a typical plate-related result but rather related to the surgical technique.
Many research studies did not focus on the postoperative correction accuracy, but in our opinion, this aspect is one of the most important quality feature for a fixation plate system. Unfortunately, there is no consistent method for measuring the loss of correction height.
Agneskirchner et al. have reported about loss of correction height as a comparison between prescript and achieved correction. However, they did not describe the method of measurement [13, 15, 37] . The present study introduces a new reproducible method to determine the loss of correction in PA radiographs. To our knowledge, this measurement has never been used before. According to this method, 298 patients (87%) had no loss of correction 1 year after owHTO, even those whose implant was removed early after 4.5-6 months because of deep infection. Of the 13% with a loss of correction, only 1.5% had a clinical relevant loss of ≥ 3 mm. We assume that especially the new design of the 2nd PEEKPower HTO plate is responsible for these excellent outcomes. Stoffel compared two different implants (Puddu Plate versus TomoFix Plate) and stated that in case of lateral cortex fracture only the Puddu Plate needed an additional screw fixation in contrast to the rigid long plate fixation system [38] . Agneskirchner concluded the same in his study comparing the biomechanics of four different implants [13] . In particular, he determined that shorter plates provided less stability, leading to lateral cortex fractures and loss of correction. This conclusion is not applicable for this current study.
In our study, overall 7 cases with deep infection (2%) were identified, which is comparable to other studies [8, 9, 26] . Over the entire follow-up period, none of the patients had neither an injury of nerve structures with sensory or motor deficit nor a screw breakage or material failure at the removal of the plate material. During the removal surgery, nearly all patients showed a black tissue discoloration around the plate without signs of inflammation or local infection ( Fig. 5 ). Cotic et al. showed in a previous study that this discoloration has no cytotoxic effect [20] .
Limitations
We are aware that our study has limitations. First, this is a case series without any control group. However, our purpose was in fact to evaluate the radiologic 1-year outcomes of the PEEKPower HTO plate after owHTO in a large patient group. Hence, the chosen study design seems appropriate to collect real-world data. Second, a scientific discussion of the study outcomes was only possible to a limited extent: Other studies analyzing owHTO with a plate fixation system differ in patient population (age, BMI, rehabilitation programs), criteria for delayed or nonunion of the bone, and methods for measuring the loss of correction.
Conclusion
Open wedge HTO using the PEEKPower HTO plate for patients with medial osteoarthritis of the knee in combination with tibial varus deformity leads to excellent bony consolidation also in cases with a hinge fracture, a gap size > 12 mm, and for severely obese patients.
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